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The apparent response of airway function to deep
inspiration depends on the method of assessment
G. P. BURNS AND G. J. GIBSON
Department of Respiratory Medicine, Freeman Hospital, Newcastle upon Tyne, U.K.
The response to deep inspiration (DI) has been reported in terms of specific airway conductance (SGaw) pre- and
post-DI, and by comparing forced expiratory flows following both maximal and partial inspiration (M/P ratio).
The lung volume at which M/P has been obtained has varied between studies. We have investigated how the
method of assessment affects the apparent response to DI.
In 16 asthmatic and 16 control subjects both SGaw and M/P were measured, the latter at various lung volumes
from 40 to 15% vital capacity (VC) (remaining).
In each group M/P increased as lung volume decreased (r70?98, P50?001 for each group). In
contradistinction to M/P ratio, the SGaw ratio (post-DI: pre-DI) suggested a bronchoconstrictor asthmatic
response (mean 0?938, SEM 0?029) and a bronchodilator control response (mean 1?063, SEM 0?029). SGaw ratio and
M/P were correlated strongly in normals but not in asthmatics.
These results confirm that the observed response to DI depends on the method used to measure it. The results in
normals are explicable by DI-induced smooth muscle stretch increasing unstressed airway calibre, but also
increasing compressibility on forced expiration. The results in asthma suggest the existence of an additional DI-
related bronchoconstricting mechanism.
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Several studies have compared the response to deep
inspiration (DI) in asthmatic and healthy subjects (1–10),
almost all finding a difference between the two groups.
However there has been considerable variability between
studies in the responses reported. The response in healthy
subjects has been the more consistent, with most subjects
showing bronchodilatation after DI (3,6–9,11), although
some authors have reported either no response or even
bronchoconstriction in some individuals (2,4,5,12–14). In
asthmatic subjects the responses to DI are even more
variable, with both bronchoconstriction (3,4,15) and
bronchodilatation (6–9) reported. Variation in the reported
response to DI in asthmatic subjects may be due to
differences in severity of asthma, but a potentially
important factor which has not been fully explored is the
dependence of the measured response on the method used
to assess it. The most commonly used method is to compare
expiratory flow during a forced expiration following a
partial (P) inspiration with the expiratory flow at the sameReceived 31 July 2000 and accepted 2 January 2001.
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(M) inspiration; the M/P ratio. (6–9,14,16–19). The lung
volume (% VC) at which the flows are compared has not
been consistent between studies and only two studies
(20,21) included measurements at more than one volume.
An alternative is to compare airway resistance (Raw) or
specific airway conductance (SGaw) before and after DI (3–
5,11,12,15–17,22). Some authors have reported the re-
sponse to DI as assessed by the two different measurements
in the same subjects. Lim et al. (17) found that the effects of
DI on SGaw and maximum flow (M/P ratio) were
consistent, whilst Burns et al. (16) found disparity between
these two indices in a group of asthmatics, who showed
M/P41 but a reduced SGaw post-DI.
In order to clarify these apparent discrepancies we have
investigated, in asthmatic and healthy subjects, the depen-
dence of the apparent response to DI (bronchodilatation or
bronchoconstriction) on the method used to assess it.
Methods
SUBJECTS AND METHODS
We studied 16 mildly asthmatic and 16 normal subjects of
similar age (Table 1). None of the asthmatic subjects was# 2001 HARCOURT PUBLISHERS LTD
TABLE 1. Baseline characteristics of subjects
Age FEV1 FEV1 % VC
[mean (SD)*] [mean (SD)] % predicted [mean (SD)] remaining at FRC
Asthmatic 27?9 (8?3) 3?63 (0?91) 94 (12?8) 45?2
(10?3)
Healthy 27?5 (5?9) 4?35 (0?87) 102 (8?6) 42?8
(8?1)
P-value 0?87 0?03 0?03 0?46
*Standard deviation.
252 G. P. BURNS AND G. J. GIBSONtaking more than 400 mg of inhaled steroid (beclometha-
sone) per day. Normal subjects were all hospital employees
with no symptoms of asthma, no previous diagnosis of
asthma and normal spirometric volumes. All subjects were
non-smokers with no recent upper respiratory tract
infections. Approval was obtained from the local Ethics
Committee and written informed consent was obtained.
All respiratory function tests were performed with the
subject seated and breathing via a mouthpiece attached to a
flow sensor (Sensormedics). Volume expired was derived by
integration of this signal. SGaw was measured during
panting at functional residual capacity (FRC) by body
plethysmography (23). After panting, subjects performed a
full inspiration followed by a full expiration for measure-
ment of total lung capacity (TLC), residual volume (RV)
and vital capacity (VC).
PROTOCOL
After initial consent and measurement of forced expiratory
volume in 1 sec (FEV1) and VC, all tests were performed
the following day. All subjects followed an identical
protocol in the order: (1) M/P ratio, (2) SGaw (pre-DI)
and (3) SGaw (post-DI).
MAXIMAL/PARTIAL (M/P) RATIO
The manoeuvre began with tidal breathing for 1 min. The
volume–time record was monitored on screen to ensure no
deep breaths occurred. At the end of a normal tidal
inspiration (at end-inspiratory lung volume, EILV) subjects
performed the ‘partial’ (P) manoeuvre, by forced expiration
to RV. This was followed by a maximal inspiration to TLC.
Then, without pause, the ‘maximal’ (M) expiration, a
forced expiration from TLC to RV, was performed. M and
P flows at various isovolumic points were derived using
software designed for that purpose (Sensormedics ‘Vmax’).
Because of the inter-individual variability in EILV the
greatest lung volume at which an M/P ratio could be
derived varied between subjects. The highest volume
common to all subjects was 40% VC (60% VC expired).
M/P ratios were calculated at 5% VC volume intervals
from 40% VC to 15% VC and at FRC (defined as thoracic
gas volume obtained from the SGaw manoeuvres). Threetechnically good manoeuvres were obtained in each subject.
The mean M/P ratio at each volume was calculated.
THE SGAW RATIO (PRE- AND POST-DI)
Initially, during tidal breathing for 1min the volume time
trace was monitored to ensure that no deep breaths
occurred. After a 1-min DI-free period SGaw, TLC, FRC
and RV were measured. To measure ‘post-DI’ SGaw,
subjects initially performed three to four tidal breaths in
order to establish FRC. From FRC subjects then
performed a maximal inspiration to TLC. Without pausing
subjects returned to FRC as quickly as a non-forced
expiration would permit (51 sec) and SGaw was again
measured. Mean SGaw from three technically good ‘pre-
DI’ and ‘post-DI’ manoeuvres were calculated. These two
means were used to calculate the (post:pre) SGaw ratio.
ANALYSIS
M/P
The M/P ratios were compared to unity at each lung
volume (40, 35 . . . , 15% VC and FRC) in each group using
one sample Student’s t-test. The M/P ratios in the asthmatic
and control groups were compared at each lung volume
using unpaired t-tests. The mean M/P ratio at each lung
volume was plotted against lung volume (% VC) for
asthmatic and healthy subjects separately. The association
between lung volume and M/P ratio was assessed by
Pearson’s correlation coecient.
SGaw
The SGaw (post-DI: pre-DI) ratio in both the asthmatic
and control groups was compared with unity using one
sample t-tests. A comparison between the two groups was
performed using an unpaired t-test.
M/P compared with SGaw
Correlations were examined between the SGaw ratio
and M/P ratio at each lung volume (40, 35, . . . , 15%
RESPONSE OF AIRWAY FUNCTION 253VC and FRC), in each group and the two groups
combined.
Results
The relationships of M/P ratios to lung volume (Fig. 1)
show the following features: (1) M/P ratio increased
significantly and systematically as lung volume decreased
in both subject groups; (2) the M/P ratio was greater than
one at most lung volumes in both groups. However only at
lower lung volumes (25, 20 and 15% VC in asthmatics, 20
and 15% VC in healthy controls) was the difference from
unity statistically significant; (3) at each of the lung volumesFIG. 1. Mean (+SEM) M/P ratio vs. lung volume in asthmatic (^
dependence of M/P ratio on lung volume in the two subject gro
(r70?98, P0?0005 and r70?98, P0?0008 in healthy and a
FIG. 2. Mean (+SEM) SGaw ratio and M/P ratio in asthmatic (^
subjects, and SGaw ratio 51 in asthmatic subjects. For M/P ra
subjects and M/P 51 in healthy subjects.40, 35, . . . , 15% VC (Fig. 1) and FRC (Fig. 2) the mean
M/P ratio was (non-significantly) greater in the asthmatic
than the healthy subjects.
In contrast to the M/P ratios the mean SGaw ratio
(Fig. 2) was greater in the healthy than the asthmatic
subjects (P0?005). Indeed, in both asthmatic and
healthy groups the SGaw (post-DI: pre-DI) ratio con-
trasted with the M/P ratio measured at the same lung
volume (FRC). In the asthmatic group SGaw ratio was less
than 1 (P0?049), suggesting bronchoconstriction in
response to DI, mean (SEM)0?938 (0?029). In healthy
controls the SGaw ratio was greater than 1 (P0?048),
suggesting bronchodilatation in response to DI, mean
(SEM)1?063 (0?029).) and healthy subjects (&). This demonstrates the
ups. In each group the relationship was highly significant
sthmatic subjects respectively).
) and healthy subjects (&). Note SGaw ratio41 in healthy
tio the reverse relationship applies; M/P41 in asthmatic
254 G. P. BURNS AND G. J. GIBSONRELATION BETWEEN SGAW RATIO AND
M/P RATIO
In healthy subjects the correlations between SGaw ratio
and M/P ratio at each lung volume as well as with the mean
M/P ratio over the various lung volumes investigated
(40, . . . , 15% VC) were statistically significant (Table 2,
Fig. 3). At FRC the correlation just failed to reach
conventional significance. In asthmatic subjects by contrast,TABLE 2. Correlation between SGaw ratio and M/P at various l
Pearson’s correlation 40 % VC 35% VC 30% V
Asthmatic r 0?28 0?25 0?25
P 0?29 0?36 0?36
Healthy r 0?76 0?75 0?73
P 0?0006 0?0008 0?001
FIG. 3. (a) M/P Ratio at 40% VC vs. SGaw ratio in asthmatic sub
between SGaw ratio and M/P ratio in asthmatic subjects. (b) M
(r0?76, P0?0006), demonstrating a clear correlation betweenno significant correlation was found at any lung volume or
with mean M/P (40, . . . , 15% VC).
Discussion
In assessing the airway response to DI several authors have
used SGaw ratio (post-DI: pre-DI) (3–5,11,12,15–17,22),
while others have used M/P ratio. In addition the latter hasung volumes
C 25% VC 20% VC 15% VC Mean (40–15%) FRC
0?22 0?26 0?17 0?23 0?39
0?41 0?33 0?67 0?40 0?14
0?75 0?63 0?57 0?73 0?48
2 0?0009 0?0082 0?022 0?001 0?060
jects (r0?28, P0?29), demonstrating a lack of correlation
/P Ratio at 40% VC vs. SGaw ratio in healthy subjects
SGaw ratio and M/P ratio in healthy subjects.
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remaining) in different studies (6–9,14,16–19). In two
studies the response to DI has been assessed by both
indices in the same subjects but with conflicting results. Lim
et al. (17) found that changes in SGaw were qualitatively
consistent with changes in maximum flow (M/P ratio) in
asthmatic subjects. By contrast, Burns et al. (16), also
studying asthmatic subjects, found divergence between
these two indices, with M/P41 but reduced SGaw post-
DI. Furthermore it is noteworthy that most studies in
asthmatics using M/P report an apparent bronchodilator
response to DI (M/P41) (6–9,18,19), whilst those using
SGaw suggest that DI has a bronchoconstricting effect
(3,4,15,17,22).
Similarly in the present study the asthmatic subjects
showed apparently paradoxical findings. Mean SGaw ratio
suggested bronchoconstriction post-DI, yet mean M/P
ratio, at the same lung volume, suggested bronchodilata-
tion. The healthy subjects in this study showed the converse
pattern, with SGaw ratio suggesting bronchodilatation and
M/P ratio suggesting bronchoconstriction.
THE M/P RATIO
Our results clearly show that M/P ratio varies in a
systematic way with the volume at which it is measured,
increasing as lung volume decreases both in asthmatic and
healthy subjects. This is consistent with the findings of
Pellegrino et al. (20), who measured M/P at three lung
volumes (30, 40 and 50% VC), and found that it increased
as volume (remaining) declined.
We have considered three possible explanations for this
finding. (1) Gas compression artefact. Two previous studies
(20,21), which included values based on plethysmographic
measurement of lung volume (TGV) as the reference as well
as expired volume suggest that the findings are not
attributable to gas compression artifact and though based
on more limited data, the findings of plethysmographic
measurements (21) in both healthy and asthmatic subjects
suggest a similar inverse relationship between M/P and lung
volume (TGV) to that reported in the present study. (2) A
mathematical consequence of the change in RV. Previous
studies (8,19,20,24) have shown, and we have confirmed,
that when DI increases expiratory flows, FVC also
increases, i.e. RV following the maximal expiratory
manoeuvre is less than ‘RV’ following the partial man-
oeuvre. It is clear therefore, particularly in the case of
healthy subjects when the descending limb of the flow–
volume relationship is essentially straight, that it is a
geometric impossibility for the M/P ratio to be constant at
different volumes i.e. volume dependence of the M/P ratio
inevitably accompanies a shift of the maximal expiratory
curve to the right of the partial curve. This explanation
however, merely tells us that M/P must be volume-
dependent; it offers no insight into the mechanism. (3)
Generational differences in the airways. Theory suggests
that the lower the lung volume, the greater the dependence
of maximum expiratory flow on peripheral airway calibre.
Thus, dependence of M/P on lung volume might reflect adiffering effect of DI on different generations of airway,
with the larger airways showing relatively less bronchodi-
latation. There is evidence that the stretch associated with
DI causes a temporary reduction in smooth muscle tone.
This effect is consistent with the enhanced bronchodilating
effect of DI seen in the context of methacholine-induced
bronchoconstriction in both asthmatic (16–18) and healthy
subjects (7,12), and with diminution of the bronchodilating
effect of DI following administration of b2-sympathetic
agonists (18,22,25). The greater cartilaginous support of the
more central airways may result in less smooth muscle
stretch during DI than would occur peripherally and thus
less relaxation post-DI. This would result in relatively less
dilatation of the larger airways and a lower M/P ratio at
higher lung volumes.
SGAW RATIO
In healthy subjects mean SGaw increased after DI, while in
the asthmatic subjects it decreased, findings which are in
accord with most previous studies. DI may stretch
asthmatic airways less effectively, either because of a
change in the smooth muscle structure or behaviour or
because airway wall inflammation and oedema uncouples
the interdependence between the airway and the surround-
ing parenchyma (26). However, this would account only for
a diminution in the bronchodilating effect of DI and not for
frank bronchoconstriction. Hysteresis of the lung parench-
yma of relatively greater magnitude and acting in opposi-
tion to hysteresis of the airway has been proposed as the
mechanism to explain bronchoconstriction post-DI in
asthmatic subjects (6,11,16,25,27). While this would ac-
count for a reduction in SGaw post-DI in asthmatic
subjects, it would not explain the apparently paradoxical
increase in forced expiratory flow observed in the same
subjects. Thus, differential hysteresis of airways and
parenchyma cannot account for all reported observations.
COMPARISON OF THE RESPONSES TO DI
AS MEASURED BY M/P RATIO AND SGAW
RATIO
At first sight the response of the airways to DI, as measured
on the one hand by SGaw ratio and on the other by the
M/P ratio, would appear to be contradictory in both the
asthmatic and healthy groups. For comparison with SGaw
ratio the most appropriate volume at which to measure
M/P would seem to be FRC (the lung volume at which
SGaw is calculated). In our asthmatic subjects the mean
M/P at FRC was greater than one, whereas the mean SGaw
ratio was less than one. In the healthy subjects, the reverse
situation applied, mean M/P ratio was51, yet mean SGaw
ratio was 41. Clearly, therefore, the factors which
determine the effect of DI on SGaw must differ from those
which determine the change in forced expiratory flow. The
different conditions under which airway function is assessed
by these two methods may explain the apparent paradox.
SGaw is a measurement of airway function in the
‘unstressed’ state, while forced expiratory flow depends on
256 G. P. BURNS AND G. J. GIBSONboth unstressed airway dimensions and compliance of the
airway wall which determines its ability to withstand the
large compressive forces occurring during forced expiration.
If as well as narrowing following DI, asthmatic airways
were to become more rigid they would resist compression
during forced expiration, which would tend to increase
expiratory flow, particularly at lower lung volumes, despite
a reduction in SGaw. The net result on forced expiratory
flow would therefore depend on the relative contribution of
these two factors. With a sucient reduction in airway
compliance post-DI, forced expiratory flow could increase
despite marginal narrowing of the unstressed airway.
In healthy subjects (where SGaw ratio41 yet M/P was
less than in our asthmatic subjects) increased compliance of
the airway wall consequent on smooth muscle relaxation
post-DI would tend to reduce forced expiratory flow. The
same mechanism may operate, albeit to a lesser degree in
asthmatic airways but a further mechanism is required to
explain the observed post-DI bronchoconstriction (SGaw
ratio51) as well as the hypothesized increase in airway wall
rigidity post-DI (leading to M/P41).
In healthy subjects the strong positive correlation
between M/P and SGaw ratio (Table 2, Fig. 3) suggests
the absence (or relative insignificance) of any such
additional mechanism. On the other hand, a marked lack
of correlation between M/P and SGaw ratio was noted in
the asthmatic group. This suggests an additional DI-related
mechanism which varies independently of the DI induced
change in smooth muscle tone. Both this hypothesized
mechanism and the change in smooth muscle tone post-DI
may each affect unstressed airway calibre (and hence
SGaw) and airway wall rigidity, but if so their respective
contributions would have to differ quantitatively.
In addition to smooth muscle stretching therefore, if a
single further mechanism is to account for all of the
observed effects of DI it must satisfy a number of
conditions: (1) it must account for bronchoconstriction
post-DI in asthmatics; (2) it must account for an increase in
airway wall rigidity post-DI in asthmatics; (3) it should be
distinct from, and thus vary independently of, smooth
muscle stretch/relaxation; (4) it should be absent or
insignificant in healthy subjects.
According to the relative hysteresis hypothesis (6, 11, 16,
25, 27), greater hysteresis of the parenchyma than the
airways in asthma results in bronchconstriction post-DI
(SGaw51). However, parenchymal hysteresis results in
lower lung recoil pressure post-DI and would lessen the
retractive force on the airway wall. This would render the
airway more, rather than less, susceptible to compressive
forces during forced expiration, thus condition (2) is not
satisfied.
As an alternative explanation of the disparate findings of
the effects of DI in this and other studies we propose the
following hypothesis: a large proportion of the increased
thickness of the airway wall in asthma is due to inflamma-
tion, which includes increased vascularity, leaky capillaries,
inflammatory exudate and oedema. Even in stable situa-
tions the equilibrium of intra-/extravascular fluid flux is
dynamic and delicately balanced. This equilibrium could
clearly be altered by the large, negative intra-thoracicpressure generated during a rapid deep inspiration. Such
pressure applied to a leaky, low pressure capillary bed
would cause a net extravasation of fluid into the airway
wall, increasing its thickness and reducing its lumen (and
thus reducing SGaw). The increased interstitial fluid would
also render the airway wall more turgid, reducing its
compliance as recently reported with airway wall inflam-
mation in vitro (28). Consequently the airway would be less
susceptible to compressive forces during the subsequent
forced expiration. As this putative effect is distinct from DI-
induced smooth muscle stretch, it may account for the lack
of correlation between the M/P and SGaw ratio in
asthmatic subjects. In healthy subjects without inflamma-
tory changes such a mechanism would be absent or
insignificant. We have recently reported preliminary data
supporting such a mechanism (29, 30). In summary,
therefore, DI-associated reduction in smooth muscle tone
due to stretching is likely to occur in both healthy and
asthmatic subjects, although there is evidence that this
effect may be diminished in asthma. A reduction in smooth
muscle tone would tend to dilate the unstressed airway and
reduce airway wall rigidity. This would increase SGaw but
the effect on forced expiratory flow would be determined by
the relative magnitude of these two opposing effects. We
suggest that in inflamed asthmatic airways extravasation of
fluid during DI would reduce luminal diameter and
therefore SGaw, but at the same time it would increase
airway wall rigidity and thus tend to increase forced
expiratory flow post-DI.
The response of maximal flow and SGaw to DI in any
individual asthmatic would then be the net result of the
effects of the reduction of smooth muscle tone and fluid flux
in the airway wall.
In conclusion the observed response to DI clearly
depends on the method of assessment. Thus the simple
descriptors ‘bronchodilatation’ and ‘bronchoconstriction’
are inadequate to describe that response fully. These
findings are clearly of practical importance to future studies
on the effect of deep inspiration on airway function. In
addition, the dependence of airway function on both the
lung volume and the method of assessment may be of
broader interest as it may provide insight into the
pathophysiology of the asthmatic airway.
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